Introduction {#sec1-0300060520926851}
============

Pulmonary microvascular endothelial cells (PMECs) help to maintain normal gas exchange during breathing and exhibit specific responses toward hypoxia adaptation.^[@bibr1-0300060520926851]^ Under low oxygen pressure, the activity of PMECs changes significantly.^[@bibr2-0300060520926851]^ Hypoxia can lead to cell injury, apoptosis, and exfoliation due to the release of oxygen free radicals.^[@bibr3-0300060520926851]^ Exfoliation occurs when endothelial cells on the surface of the endothelium lose their adherence and slough off. Hypoxia can also lead to the development of pulmonary hypertension (PH).^[@bibr4-0300060520926851]^ PH is an important pathological process in the occurrence and development of various cardiopulmonary diseases, including chronic pulmonary disease, chronic obstructive pulmonary disease (COPD), pulmonary embolism, and sleep apnea syndrome (SAS).^[@bibr5-0300060520926851],[@bibr6-0300060520926851]^ The activity of PMECs is critical in maintaining lung function. Therefore, the activities of PMECs need to be explored in studies of the pathogenesis and treatment of lung diseases such as PH.^[@bibr7-0300060520926851],[@bibr8-0300060520926851]^ Under the pathological conditions of PH, PMECs adapt to and influence the unbalanced microenvironment through angiogenesis and the reparation of tissue damage.^[@bibr5-0300060520926851][@bibr6-0300060520926851]--[@bibr7-0300060520926851]^ Chronic hypoxia is an important inducer of PH,^[@bibr8-0300060520926851]^ and chronic hypoxia-induced endothelial dysfunction and angiogenesis disorders are considered important components of PH.^[@bibr8-0300060520926851]^

Tumoral PH is a form of primary PH in which an endothelial tumor results from the rapid growth of endothelial cells in the pulmonary artery after malignant transformation. However, secondary PH often indicates long-term micro-inflammatory injury of the endothelial cells of small pulmonary vessels, which can lead to remodeling of the pulmonary vascular structure over time. PMEC function/dysfunction likely plays a key role in the pathogenesis of PH through the proliferation, migration, and micro-inflammatory response of these cells.

MicroRNAs (miRNAs) are endogenous, short, noncoding RNAs (19--22 nucleotides) that function as regulators of gene transcription.^[@bibr9-0300060520926851]^ MiRNAs suppress gene expression by pairing with their 3′-UTR, thereby affecting multiple cellular processes and physiological contexts such as cell proliferation, apoptosis, differentiation, and angiogenesis.^[@bibr10-0300060520926851]^ Notably, miRNAs are dysregulated in multiple cancers.^[@bibr11-0300060520926851]^ MiR-375 was previously reported as a key regulator of pancreas development, and its depletion results in defects of the endocrine pancreas.^[@bibr12-0300060520926851]^ MiR-375 also affects the migration of pancreatic cancer cells. Indeed, the target genes of miRNA-375 appear to be mainly related to pancreatic development, cell proliferation, and insulin secretion.^[@bibr13-0300060520926851]^ However, the roles of miRNA-375 in lung disease are still unclear.

The Notch signaling pathway is widely involved in cell differentiation, organism development, and homeostasis regulation.^[@bibr14-0300060520926851]^ Recently, Notch has been found to affect the proliferation and differentiation of lung microvascular endothelial cells.^[@bibr15-0300060520926851]^ Notch is activated through the inhibition of VEGFR2, which regulates endothelial cell proliferation and differentiation, thus promoting vascular development and maintaining physiological function.^[@bibr16-0300060520926851]^ Multiple miRNAs are reported to affect the function of endothelial cells via the Notch pathway.^[@bibr17-0300060520926851]^

Herein, we identified a miRNA, miR-375-3p, that was down-regulated in pulmonary microvascular endothelial cells (PMECs) in response to hypoxia. We further demonstrated that miR-375-3p transcriptionally inhibited Notch1 and mediated PMEC activities including proliferation, chemotaxis, angiogenesis, and inflammatory response. The findings of our study may provide new insights into the pathogenesis of lung disease.

Materials and methods {#sec2-0300060520926851}
=====================

Hypoxia treatment of postnatal rats {#sec3-0300060520926851}
-----------------------------------

One-day-old rats were exposed to normal air (control) or hypoxia for 0, 24, 48, or 72 hours using a chamber containing 5% O~2~ and 95% N~2~ (Sanyo Electric Biomedical Co., Ltd., Tokyo, Japan). The rats were euthanized immediately after being exposed to hypoxia and their PMECs were isolated. Six rats were used in each control and treatment group (48 rats in total). All hypoxic rats survived the hypoxia treatment. This study was approved by the Ethics Committee of Tianjin University. The study was approved by the Institutional Animal Care and Use Committee. Every effort was made to reduce the number of rats used and their suffering.

Quantitative PCR assays {#sec4-0300060520926851}
-----------------------

TRIzol reagent (Invitrogen Corp., Carlsbad, CA, USA) was used to extract total RNA from the rat PMECs. The total RNA was reverse-transcribed with M-MLV reverse transcriptase (Promega) to produce cDNA. Quantitative real-time PCR was then performed for the quantification of miR-375-3p and *Notch1* using the SYBR Premix Ex Taq kit (Takara Bio, Inc., Shiga, Japan), and the relative expression levels were normalized to the expression of GAPDH.

Immunoblot assays {#sec5-0300060520926851}
-----------------

Lung tissues or PMECs were lysed in RIPA Buffer (Cell Signaling Technology, Danvers, MA, USA) to extract the total protein. The samples were then analyzed by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and immunoblotting. After transmembrane transfer for 2 hours, the polyvinylidene fluoride membranes were blocked with 5% milk buffer and then incubated with a primary antibody against Notch1 (Abcam, Cambridge, MA, USA) or GAPDH (Abcam) for 2 hours. Next, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 hour. The immunoblot signals were detected with an ECL kit. Image-Pro software was used to calculate the intensity of the signals on each blot.

Immunohistochemical assays {#sec6-0300060520926851}
--------------------------

Sample sections of rat tissues were fixed with 4% paraformaldehyde and then blocked with 2% bovine serum albumin in phosphate-buffered saline (PBS) for 30 minutes. Subsequently, the sections were incubated with an antibody against Notch1 at room temperature for 2 hours. After washing with PBS, the slides were incubated with a biotinylated secondary antibody at room temperature for 1.5 hours, and a chromogenic substrate was then added for detection.

Primary pulmonary microvascular endothelial cell (PMEC) culture {#sec7-0300060520926851}
---------------------------------------------------------------

Pulmonary veins were collected aseptically and incubated with collagenase II (1 mg) for 45 minutes. The PMECs were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with endothelial growth factor and 10% (w/v) fetal bovine serum. The cells were cultured under normoxia or hypoxia (2% O~2~) in a three-gas incubator. Cells were harvested for RNA, biochemical, and immunofluorescence studies.

Plasmid construction and dual-luciferase reporter assays {#sec8-0300060520926851}
--------------------------------------------------------

Plasmids for promoter activity measurements were constructed with the pmirGLO vector (Promega, Madison, WI, USA). The region upstream of the *Notch1* gene (i.e., the putative Notch1 promoter region) containing the predicted miR-375-3p binding site was generated by PCR using the forward primer, 5′-GAAGATCTTGAGGTACATC GCAGAGGCCAG-3′, the reverse primer, 5′-CATGCCATGGGGGCCGGAGCGGAAGACCC-3′, and rat genomic DNA as the template, and then inserted into the pmirGLO vector (pmirGLO/Notch1-UTR). A plasmid bearing several mutations of the *Notch1* promoter region (pmirGLO/Notch1-mUTR) was generated with the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Transfections were performed with the transfection reagent, jetPEI (Polyplus-transfection, Illkirch, France) according to the manufacturer's instructions. The cells were harvested 24 hours after transfection and their relative firefly luciferase activity (normalized to *Renilla* luciferase activity) was measured with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.

Cell proliferation assays {#sec9-0300060520926851}
-------------------------

Approximately 1 × 10^3^ PMECs were seeded into each well of 96-well plates and incubated for 4 days. Cells were then incubated with the Cell Counting Kit-8 reagent for 3 hours followed by removal of the medium. The cells were washed with PBS, followed by the addition of 200 µL dimethyl sulfoxide to each well and measurement of the absorbance with a microplate reader at 490 nm.

Cell chemotaxis assays {#sec10-0300060520926851}
----------------------

PMECs were maintained for 48 hours and then resuspended in serum-free medium. The upper chamber filters of the chemotaxis chamber were coated with 20% Matrigel in serum-free medium by incubation at 37°C for 30 minutes. The PMECs (5 × 10^3^ cells in 150 µL of serum-free culture medium) were then added to the upper chambers and induced to migrate toward the bottom chambers, which contained medium supplemented with 10% fetal bovine serum. After 24 hours, the cells in the top chamber were removed, and those on the underside were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet for 10 minutes. Cell numbers were manually counted with the use of a microscope (Carl Zeiss Jena GmbH, Jena, Germany).

Tube formation assays {#sec11-0300060520926851}
---------------------

PMECs were seeded into six-well plates pre-coated with 50% Matrigel. To detect tube formation, the wells were photographed 4 hours later with a microscope, and the levels of tube formation were quantified by measuring the overall tube length with ImageJ software (National Institutes of Health, Bethesda, Maryland, USA).

ELISA {#sec12-0300060520926851}
-----

An enzyme-linked immunosorbent assay (ELISA) kit was purchased commercially (Abcam) and used to detect the expression of IL-6, IL-8, and TNF-α in accordance with the manufacturer's instructions. The plates were read with the CLARIOstar microplate reader (BMG Labtech, Cary, NC, USA), and the results were normalized according to the protein concentration in each well.

Statistical analysis {#sec13-0300060520926851}
--------------------

All results in this study are presented as the mean ± standard deviation (SD). Student's t-test was used for statistical comparisons between groups. *P* \< 0.05 was considered statistically significant. GraphPad software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis.

Results {#sec14-0300060520926851}
=======

Hypoxia induces low expression of miR-375-3p and high expression of Notch1 in rats {#sec15-0300060520926851}
----------------------------------------------------------------------------------

The expression of miR-375-3p and Notch1 was quantified in lung sections from postnatal rats exposed to different durations of hypoxia (0, 24, 48, or 72 hours) by quantitative PCR and immunoblotting, respectively. The level of miR-375-3p significantly decreased (*P* \< 0.05) within the first 24 hours of hypoxia treatment ([Figure 1a](#fig1-0300060520926851){ref-type="fig"}), whereas the protein expression of Notch1 dramatically increased ([Figure 1b](#fig1-0300060520926851){ref-type="fig"}). Immunohistochemical assays similarly showed increased Notch1 protein levels after hypoxia induction ([Figure 1c](#fig1-0300060520926851){ref-type="fig"}).

![MiR-375-3p levels were negatively correlated with the protein expression of Notch1 in rat lung tissues following hypoxic exposure for 0, 24, 48, and 72 hours. (a) Quantitative PCR of miR-375-3p in lung tissues following hypoxic treatment. Data represent the mean ± SD, n = 6. \**P* \< 0.05, \*\**P* \< 0.01 versus the 0-hour group. (b) Immunoblot assays of Notch1 protein expression in lung tissues following hypoxic treatment. (c) Representative images showing immunohistochemical staining of Notch1 expression in rat lung tissues following hypoxic treatment. Scale bar, 100 µm.](10.1177_0300060520926851-fig1){#fig1-0300060520926851}

Negative correlation between miR-375-3p and Notch1 expression in hypoxia-induced PMECs {#sec16-0300060520926851}
--------------------------------------------------------------------------------------

Quantitative PCR assays were performed to detect the miR-375-3p and *Notch1* expression levels in PMECs under conditions of normoxia or hypoxia for 0, 24, 48, and 72 hours. PMECs were successfully isolated from rats and their identity was confirmed through CD31 staining ([Figure 2a](#fig2-0300060520926851){ref-type="fig"}). MiR-375-3p transcripts were significantly down-regulated at all tested time points (all *P* \< 0.001) relative to the 0-hour control ([Figure 2b](#fig2-0300060520926851){ref-type="fig"}). In contrast, *Notch1* mRNA expression increased over two-fold in response to 24 hours of hypoxia (*P* \< 0.001) but then declined to levels lower than that of the control after 48 and 72 hours of hypoxia treatment, with the 72-hour time point level being significantly lower (*P* \< 0.05; [Figure 2c](#fig2-0300060520926851){ref-type="fig"}). Immunoblotting of the PMECs similarly showed that Notch1 protein expression significantly increased after hypoxic exposure for 24 hours (*P* \< 0.001) and then decreased to significantly lower levels than that of the control after 48 hours (*P* \< 0.01) and 72 hours (*P* \< 0.001) of hypoxia ([Figure 2d](#fig2-0300060520926851){ref-type="fig"}).

![MiR-375-3p levels were negatively correlated with the expression of Notch1 following hypoxic exposure for 0, 24, 48, or 72 hours in primary PMECs. (a) Immunohistochemical staining of CD31 expression, a marker of PMECs. (b, c) Quantitative PCR of the miR-375-3p and *Notch1* expression levels in PMECs following hypoxic treatment. (d) Immunoblotting of the Notch 1 protein expression in PMECs following hypoxic treatment. (e) The relative expression of Notch1 in (d) was quantified and normalized to that of GAPDH. (e) Dual-luciferase reporter assay illustrating the effect of miR-375-3p on the expression of Notch1. Data represent the mean ± SD, n = 6. \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the control group (0 hours or mimics control); ns, no significant difference.](10.1177_0300060520926851-fig2){#fig2-0300060520926851}

To further confirm our hypothesis that miR-375-3p down-regulates the mRNA levels of *Notch1*, we performed dual-luciferase assays. We found that when PMECs were co-transfected with the empty pmirGLO plasmid (no insert control) and miR-375-3p, the resulting fluorescence signal was similar to that for the control alone. However, co-transfection of pmirGLO/Notch1-UTR and miR-375-3p significantly decreased the fluorescence output compared with the control (*P* \< 0.01). In contrast, co-transfection of pmirGLO/Notch1-mUTR and miR-375-3p did not yield a significant difference in fluorescence relative to the control ([Figure 2e](#fig2-0300060520926851){ref-type="fig"}). We used the online server, TargetScan ([www.targetscan.org),](http://www.targetscan.org),) to predict the target genes of miR-375-3p, which identified a binding site for miR-375-3p on the *Notch1* 3′UTR (data not shown). These results confirmed that miR-375-3p directly suppressed the mRNA levels of *Notch1* in PMECs.

MiR-375-3p inhibits the transcription of Notch1 in PMECs {#sec17-0300060520926851}
--------------------------------------------------------

To explore the effects of miR-375-3p on PMEC activities, we constructed the lentivirus fusion constructs, GFP-NC and GFP-miR-375-3p, and transfected these constructs into primary PMECs. The transfection efficiency of GFP-miR-375-3p was then validated by quantitative PCR ([Figure 3a](#fig3-0300060520926851){ref-type="fig"}). Immunoblotting showed that the expression level of *Notch1* mRNA was significantly decreased (*P* \< 0.001) in PMECs transfected with GFP-miR-375-3p ([Figure 3b, c](#fig3-0300060520926851){ref-type="fig"}). Furthermore, the enhancement of *Notch1* induced by hypoxia was significantly reversed by GFP-miR-375-3p transfection (all *P* \< 0.001, [Figure 3d--f](#fig3-0300060520926851){ref-type="fig"}).

![MiR-375-3p negatively regulated the expression of Notch1 upon hypoxia in PMECs. (a) Quantitative PCR of miR-375-3p expression in PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus. (b) Immunoblotting of Notch1 protein expression in PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus. (c) The relative expression of Notch1 in (b) was quantified and normalized to that of GAPDH. (d) Immunoblotting of Notch1 expression in PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus and subjected to normoxic or hypoxic conditions. (e) The relative expression of Notch1 in (d) was quantified and normalized to that of GAPDH. Data represent the mean ± SD, n = 6. \*\*\**P* \< 0.001 versus the indicated group.](10.1177_0300060520926851-fig3){#fig3-0300060520926851}

MiR-375-3p suppresses PMEC proliferation in vitro {#sec18-0300060520926851}
-------------------------------------------------

Activities of PMECs such as proliferation and chemotaxis are crucial in the pathogenesis of a variety of diseases. Because our findings here indicated that miR-375-3p transcriptionally inhibited the expression of Notch1 in PMECs, we hypothesized that PMEC activities regulated by the Notch1 pathway, such as cell proliferation, migration, and angiogenesis, may be affected by this microRNA. We, therefore, investigated the potential effects of miR-375-3p on the activities of PMECs *in vitro*.

We first evaluated the possible influence of miR-375-3p on cell proliferation through Cell Counting Kit-8 assays. PMECs were transfected with the lentivirus constructs GFP-NC (control) or GFP-miR-375-3p and then subjected to normoxia or hypoxia (2% O~2~). MTT assays were performed at 24, 48, and 72 hours after transfection. Interestingly, we noticed that under normoxia, the proliferation of GFP-miRNA375-3p-transfected cells decreased compared with the control group, suggesting a strong inhibitory effect on cell proliferation by miR-375-3p (data not shown). Additionally, GFP-miRNA375-3p treatment significantly inhibited the proliferation of PMECs under hypoxia, and there was a tendency toward cell death from 48 hours of hypoxic exposure ([Figure 4a, b](#fig4-0300060520926851){ref-type="fig"}). Collectively, these results suggest that miRNA375-3p has a strong anti-proliferation effect on PMECs.

![MiR-375-3p suppresses PMEC proliferation. (a) PMECs were transfected with GFP-NC or GFP-miR-375-3p lentivirus and subjected to normoxic or hypoxic conditions for 24, 48, or 72 hours, followed by MTT assays to determine cell proliferation. (b) Observation of PMEC proliferation by microscopy (100× or 200× magnification).](10.1177_0300060520926851-fig4){#fig4-0300060520926851}

MiR-375-3p inhibits the chemotaxis of PMECs {#sec19-0300060520926851}
-------------------------------------------

Subsequently, the chemotaxis of PMECs upon GFP-miR-375-3p transfection was assessed by Transwell invasion assays in the presence of Matrigel. We found that GFP-miR-375-3p transfection prevented the invasion of PMECs through the membranes, with cell numbers dropping significantly under normoxia (data not shown) and hypoxia (*P* \< 0.01, [Figure 5a, b](#fig5-0300060520926851){ref-type="fig"}). These results confirmed the inhibition of PMEC chemotaxis by miR-375-3p transfection.

![MiR-375-3p suppressed the chemotaxis and angiogenesis of PMECs. (a) Transwell invasion assays were performed on PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus and subjected to normoxic or hypoxic conditions. Cells on the upper surface of the Transwell filters were examined by crystal violet staining. (b) Invading cell numbers in each group were quantified. (c) Tube formation assays were performed on PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus and subjected to normoxic or hypoxic conditions. Cells on the upper surface of the Transwell filters were examined. (d) Tube numbers in each group were quantified. Data represent the mean ± SD, n = 6. \*\**P* \< 0.01, \*\*\**P* \< 0.01 versus the indicated group.](10.1177_0300060520926851-fig5){#fig5-0300060520926851}

MiR-375-3p transfection suppresses the angiogenesis of PMECs {#sec20-0300060520926851}
------------------------------------------------------------

Angiogenesis is the main feature of endothelial cells including PMECs, and this process affects the development of a variety of diseases and is of great significance in the growth, metastasis, and prognosis of tumors. On this basis, the effect of miRNA375-3p on angiogenesis in normoxic and hypoxic PMECs was studied through tube formation assays. Under normoxic conditions, a tubular network of interconnecting branches was observed in the control group after 3 hours of PMECs deposition, whereas fewer tubes were observed in the GFP-miRNA375-3p-transfected group (data not shown). We further noticed that the angiogenesis of PMECs in the hypoxic control group was significantly enhanced (*P* \< 0.01), while miRNA375-3p significantly reduced the number of PMECs tubes compared with the control group (*P* \< 0.01), which was consistent with the results under the normoxic condition ([Figure 5c, d](#fig5-0300060520926851){ref-type="fig"}). Thus, miRNA375-3p significantly inhibited the angiogenesis of PMECs under hypoxia and normoxia *in vitro*.

MiR-375-3p contributes toward the inflammatory response of PMECs {#sec21-0300060520926851}
----------------------------------------------------------------

We next used ELISA to analyze the potential effects of miR-375-3p on the inflammatory response of PMECs. The levels of the inflammatory cytokines, IL-6, IL-8, and TNF-α, were determined in PMECs transfected with either GFP-NC or GFP-miR-375-3p lentiviral constructs and subjected to normoxia or hypoxia ([Figure 6a--c](#fig6-0300060520926851){ref-type="fig"}). The levels of IL-6 (*P* \< 0.001), IL-8 (*P* \< 0.01), and TNF-α (*P* \< 0.001), in the control cells were significantly increased by hypoxia treatment. In contrast, the levels of these inflammatory cytokines in PMECs transfected with GFP-mir-375-3p were significantly lower than those in the GFP-NC-transfected group under hypoxia (all *P* \< 0.001). Our results, therefore, suggested that miR-375-3p significantly reduced the inflammatory response of PMECs *in vitro*.

![MiR-375-3p suppressed the inflammatory response of PMECs. (a--c) ELISA-based detection of IL-6, IL-8, and TNF-α protein expression, respectively, in PMECs transfected with GFP-NC or GFP-miR-375-3p lentivirus and subjected to normoxic or hypoxic conditions. Data represent the mean ± SD, n = 6. \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the indicated group.](10.1177_0300060520926851-fig6){#fig6-0300060520926851}

Discussion {#sec22-0300060520926851}
==========

Pulmonary hypertension (PH) often results from hypoxia-induced vascular endothelial cell injury, which leads to an imbalance in various vasodilation factors synthesized and secreted by the vascular endothelium.^[@bibr18-0300060520926851]^ This, in turn, leads to early pulmonary vasoconstriction and late pulmonary vascular reconstruction. PH has a high rate of disability and mortality and can cause a variety of serious conditions, such as heart failure.^[@bibr19-0300060520926851]^ To understand the pathogenesis of pulmonary hypertension, it is important to explore the activity and regulatory mechanism of pulmonary microvascular endothelial cells.^[@bibr20-0300060520926851]^ Up to now, multiple proteins such as FGF7, and miRNAs such as miR-205-5p, have been found to be closely associated with the occurrence and development of PH, mainly through the regulation of endothelial cell activities.^[@bibr21-0300060520926851]^ Notably, in the present study, we found that the miRNA, miR-375-3p, decreased during hypoxia and could mediate multiple PMEC activities including proliferation, chemotaxis, angiogenesis, and inflammatory response. These data suggest that miR-375-3p may be involved in the pathogenesis of pulmonary diseases such as PH.

MiRNAs are considered important regulators of PMEC activities and tumorigenesis, exerting their effects via the direct targeting of multiple pathways.^[@bibr22-0300060520926851]^ Several miRNAs have also been identified as potential prognostic biomarkers of cancer.^[@bibr22-0300060520926851]^ Although targeted therapies, such as targeted liposome therapy for highly metastatic tumors, have achieved good results,^[@bibr23-0300060520926851][@bibr24-0300060520926851]--[@bibr25-0300060520926851]^ the discovery of new targets and markers is urgently needed, and miRNAs are promising prospects. MiR-375-3p is a member of the miR-375 family and a tumor suppressor regulator of colorectal cancer, breast cancer, and esophageal squamous cell carcinoma (ESCC).^[@bibr26-0300060520926851],[@bibr27-0300060520926851]^ A previous study has shown that miR-375-3p is also involved in myocardial repair, thus affecting the pathophysiology of cardiomyocytes.^[@bibr28-0300060520926851]^ However, the role of miR-375-3p in the regulation of PMEC cellular function is still unclear. Here, we identified the involvement of miR-375-3p in the regulation of PMEC proliferation, chemotaxis, angiogenesis, and inflammatory response. Several other studies have confirmed the important cellular functions of the miR-375 family. For example, it has been shown that circFAT1 promotes the expression of YAP1 in osteosarcoma cells by acting as a sponge for miR-375,^[@bibr29-0300060520926851]^ while miR-375 can block the proliferation and invasion of glioblastoma via targeting of WNT5A.^[@bibr30-0300060520926851]^ In ovarian cancer, the high expression of serum exosomal miR-375 enhances the prognostic capacity of CA-125.^[@bibr31-0300060520926851]^ These studies, together with our findings, confirm the critical roles of miR-375 in human diseases.

In this study, we successfully isolated PMECs from rats and studied their function. Our results showed that the expression level of miR-375-3p was significantly decreased following 24 hours of hypoxic exposure, with no further reductions observed with increasing duration of exposure. Interestingly, however, the expression of Notch1 increased significantly after 24 hours of hypoxia, suggesting a negative regulatory effect of miR-375-3p on Notch1, but this effect diminished with increasing duration of exposure. This suggests that the influence of miR-375-3p gradually weakened over time, with the expression of Notch1 being restored through other pathways. This aspect requires further study. Indeed, Notch1 is known to be widely regulated by multiple proteins and miRNAs. The Notch pathway is considered an effective "switch" for the control of multiple cellular processes including cell apoptosis, proliferation, and differentiation during cancer progression,^[@bibr32-0300060520926851]^ and multiple miRNAs may regulate tumor development and other cellular activities through the Notch signaling pathway. For example, miR-34a may be involved in epileptiform discharges via the Notch signaling pathway in hippocampal neurons.^[@bibr33-0300060520926851]^ Additionally, miR-30 has a regulatory effect on pulmonary fibrosis by targeting the Notch pathway.^[@bibr34-0300060520926851]^ In non-small cell lung cancer (NSCLC), miR-223 regulates sensitivity toward erlotinib through the Notch pathway.^[@bibr35-0300060520926851]^ Although the Notch pathway plays an important role in both pulmonary fibrosis and the development of lung cancer, the present study is the first to provide evidence that the Notch signaling pathway regulates PMEC activity, which may have an impact on lung diseases such as pulmonary hypertension. Of course, the detailed molecular mechanisms underlying this regulation remain to be studied.

Notch1 is a cytoplasmic receptor and a member of the Notch protein family. Previous studies have indicated the high expression of Notch1 in endothelial cells, suggesting its critical regulatory functions in endothelial cell activities.^[@bibr36-0300060520926851]^ Endothelial Notch1 also plays a critical regulatory role in pulmonary hypertension.^[@bibr37-0300060520926851]^ Interestingly, our present study found that miR-375-3p affected the activities of PMECs by targeting Notch1. Under hypoxia, the expression level of miR-375-3p decreased, whereas the expression level of Notch1 increased. Our results further confirmed that mir-375-3p directly acts on the non-coding region of Notch1, thus inhibiting the expression of Notch1 ([Figure 7](#fig7-0300060520926851){ref-type="fig"}). Here, the inhibition of Notch1 signaling was shown to affect several key functions of PMECs, including cell proliferation, chemotaxis, angiogenesis, and inflammatory response. The interaction between Notch1 and miR-375-3p may, therefore, participate in the progression of various lung diseases. The Protein Atlas protein database (<https://www.proteinatlas.org/ENSG00000148400-NOTCH1/tissue>) indicates high expression of Notch1 in lung tissues, suggesting that Notch1 may indeed play a critical role in cell function in lung tissues, such as the regulation of cell proliferation and migration.^[@bibr34-0300060520926851]^ Through the screening of chip, we found a miRNA, miR-375-3p, had the potential to bind the promoter region of *Notch1* and regulate its expression.

![Schematic of the role of miR-375-3p in the regulation of PMECs. MiR-375-3p transcriptionally inhibits Notch1, thereby affecting PMEC activities.](10.1177_0300060520926851-fig7){#fig7-0300060520926851}

Conclusions {#sec23-0300060520926851}
===========

In this study, we demonstrated that under hypoxia, the expression levels of miR-375-3p and Notch1 in PMECs were significantly down-regulated and up-regulated, respectively. Our results confirmed that miR-375-3p directly targets Notch1 in PMECs, by inhibiting the transcription of *Notch1*. We further found that miR-375-3p regulates the proliferation, chemotaxis, angiogenesis, and inflammatory response of PMECs. Our findings suggest that miR-375-3p plays a key role in the regulation of PMEC function and indicate the potential influence of miR-375-3p on the development of lung diseases.
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